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A b s t r a c t - - A  new radioligand, [3H]methylcarbamylcholine, has been developed for the study of the 
nicotinic cholinergic and nicotine-like binding sites in rat brain membranes. A Scatchard analysis with 
the radioligand yielded a Ka of 1.1 × 10 9 M and a Bm,x of 4.0 x 10 14 moles/rag protein which compares 
with a lower affinity site for (-)-[3H]nicotine having a K~ of 3 × 10 -9 M and a Bma~ of 2 x 10 ~ moles/ 
mg. Comparable values for the K a were obtained from a Hill plot and from calculations based on rate 
constants for association and dissociation. A comparison of the binding affinities of various nicotine 
analogues, nicotinic cholinergic agents, and other neurotropic agents revealed a close similarity between 
the two radioligands, with the exception that quaternization of nicotine or carbamate esters increased 
affinity by at least an order of magnitude with [3H]methylcarbamylcholine and resulted in a comparable 
decrease in affinity with [3H]nicotine as the ligand. The binding of [3H]methylcarbamylcholine, like 
[3H]nicotine, was not displaceable by muscarinic cholinergic antagonists. It was concluded that, although 
[3H]methylcarbamylcholine and [3H]nicotine bind to a common receptor in brain, the functional and 
chemical characteristics of the receptor(s) differ in some respects from peripheral nicotinic cholinergic 
receptors. 

In the course of investigating the structure-activity 
relationships of the [3H]nicotine binding sites to rat 
brain membranes  and purified receptor [1], it was 
observed that carbamylcholine and substituted car- 
bamate  esters of choline exhibit a relatively high 
affinity for the nicotine site [1]. At  a concentrat ion 
of 10-9M S-( - ) - [3H]nicot ine ,  N-methylcarbamyl-  
choline has an Ic50 value of 8 x 10 -9 M as compared 
to a value of 2 × 10 9 M for unlabeled nicotine [2]. 
Since carbamate  esters of choline are considerably 
more stable than acetylcholine, a study was under-  
taken with [3H]methylcarbamylcholine ([3H]MCC) 
of high radioactive specific activity to determine its 
similarity to the [3H]nicotine and [3H]acetylcholine 
binding sites in rat brain membranes .  A number  of 
studies with [3H]acetylcholine, prepared enzym- 
atically with [3H]acetic acid, have alluded to the 
similarity in the receptor  binding characteristics of 
the two ligands [3, 4]. 

The present  study demonstrates  the effectiveness 
of [3H]MCC as a ligand for investigating the nicotine- 
like and nicotinic cholinergic binding sites in brain 
tissue. 

METHODS 

Synthesis of dimethylaminoethyl (DMAE) methyl- 
carbarnate and MCC. To 0.05 moles of dimethyl- 
aminoethanol  in 100ml of dry toluene was added 
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0.07 moles of methylisocyanate,  and the mixture was 
refluxed for 16 hr. After  removal of the solvent in 
vacuo, the viscous liquid was taken up in 25 ml of 
CHC13 and extracted with H20.  Upon  removal of 
the CHC13, a white oily product was obtained and 
the final product  was recovered after distillation in 
vacuo at 10 mm and a temperature of 135 °. The yield 
was 85%. 

An infrared analysis of D M A E  methylcarbamate 
yielded the following bands: 

1730, 1540, 1385, 1100, 9 6 0 , 9 9 5 , 7 9 0 c m  1 

Methylcarbamylcholine was prepared by adding 
0.012moles of methyl iodide to 0.010moles of 
D M A E  methylcarbamate  in 50ml  acetone and 
allowing the reaction to proceed overnight at room 
temperature.  The white crystalline material was fil- 
tered, washed with 50 ml of ethyl ether, and dried. 
The yield was 98%. Analysis by mass spectroscopy 
yielded the following fragment with percent relative 
abundance:  

58 (100%), 142 (27%), 28 (21%), 57 (12%), 
71 (8%),  42 (8%), 30 (7%), 56 (6%). 59 (6%), 

44 (6%) 

[3H]MCC was prepared by New England Nuclear 
by quaternizat ion of D M A E  methylcarbamate with 
[-~H]CHBI. The purity of the [3H]MCC was verified 
by HPLC. 

Measurement of [ 3H]MCC and [3H]nicotine bind- 
ing. The procedure for preparat ion of rat brain mem- 
branes and for measuring specific [3H]MCC and 
[3H]nicotine binding is described elsewhere [2]. 
Membranes  were obtained from whole rat brain after 
homogenizat ion in 30 vol. of 0.05 M NaPO4, pH 7.0, 
and centrifugation at 50,000g for 30 min. To a 2- 
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ml polypropylene tube was added 2 mg membrane  
protein along with various concentrat ions of either 
[3H]MCC (sp. act. = 8 0 C i / m m o l e )  or ( - ) -  
[3H]nicotine (New England Nuclear,  sp. act. = 
75 C i /mmole )  with or without various concentrat ions 
of unlabeled nicotine,  nicotine analogues,  carbamate 
esters, and other  agents, in a final volume of 1.2 ml 
of 0.05 M NaPOa.  pH 7.0. The relationship of pH to 
the binding of the two ligands was determined with 
0.05 M NaPO4 buffer. All assays were per formed in 
triplicate. Af te r  incubating in an ice bath (0-4 ° ) for 
30 min, the tubes were centrifuged in an Eppendor f  
centrifuge for 2 min and the pellet was washed twice 
by filling the tubes with buffer and aspirating. The 
bot tom of the tubes was then cut off (animal nail 
clipper) and counted by liquid scintillation. 

Psychotropic evaluation of various agents. The 
psychotropic action of the various agents was deter- 
mined by administering various doses into the fourth 
ventricle through chronically implanted cannulae,  as 
described elsewhere [5]. A dose of 4 nmoles of ( - ) -  
nicotine in 1 ul resulted in prostrat ion of all four 
limbs, while 2 nmoles (ICs0) produced prostrat ion in 
the hind limbs and some weakness in the forelimbs. 
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Fig. 2. Scatchard plot of [3H]MCC binding to rat brain 
membranes. The plot represents a typical experiment from 
three separate experiments with coefficient of variation of 
the Kd and Bm~ × values being under 8%. A 1000-fold excess 
of unlabeled ligand was used at each concentration of 
radioligand to obtain specific binding. B = amount bound 

and F - concentration of free [~H]MCC. 

RESULTS 

Comparison of pH curves of [3H]MCC and 
[SH]nicotine binding. The pH curves for both 
[3H]MCC and [3H]nicotine binding had a pH  opti- 
mum around 6.5 (Fig. 1). Al though  the shapes of 
the curves were similar, the change in pH  on either 
side of the op t imum was considerably greater  for 
[3H]MCC. 

Scatchard analyses of [3H]MCC binding. A Scat- 
chard plot of [3H]MCC in the presence of unlabeled 
M C C  was linear, yielding a Ka of 1.1 x 10-9M and 
a Bm~x of 4.0 x 10 ~a moles/ rag protein of whole rat 
brain membranes  (Fig. 2 and Table  1). Replacement  
of unlabeled M C C  with unlabeled ( - ) -n i co t ine  also 
yielded a linear Scatchard with comparable  K a and 
Bm~ ~ values (data not shown). A Hill plot of the data 
[log ( B I B -  Bm~,~ vs log F) yielded a Hill binding 
constant of 9 x 10 m M, which is in close agreement  
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1, Binding-pH curves for PHIMCC (O) and for 
[3Hlnicotine ((5). B = moles bound × 10 la 

with the Ka de te rmined  by Scatchard analysis (Table 
1). 

Kd calculation from rate constants fbr association 
and dissociation. The rate constant for association 
of [SH]MCC binding to rat brain membranes  was 
de termined  to be 3 . 0 x l 0 S M  t s ec - l :  the dis- 
sociation constant was 1.0 x 10 ~ sec  ~. The Kj, cal- 
culated from the ratio of the rate constants, was 
3.3 x 10 9 M, a value which is in close agreement  
with that obtained by Scatchard analysis (Table 1). 

Comparison of various agents in competition with 
[3H]MCC and [SH]nicotine. A variety of nicotine 
and cholinergic agents were compared  for their abili- 
ties to compete  with [SH]MCC and [3H]nicotine 
binding to rat brain membranes  (Table 2). At  a 
concentrat ion of 1 nM [3H]nicotine, unlabeled ( - ) -  
and (+)-n icot ine  had 1c50 values of 3 x 10 ~ and 
1 x 10 S M respectively.  With either radioligand, 
increasing the alkyl chain length on the pyrrotidine 
N resulted in a 3-fold decrease with the N-ethyl and 
a 200-fold decrease in affinity with the N-propyl 
analogues of nicotine. The affinity of N ' -n icotonium 
was about  three orders of magnitude less than ( )- 
nicotine with both radioligands. Comparable  affin- 
ities with both radioligands were observed with the 

Table 1. K.  determination by various analytic procedure,, 

Procedure Data 

Scatchard analysis 

Hill plot 

Ratio of rate 
c o n s t a n t s *  

Kj=  1.1 >< 10 "M 
B,,;,,. 4.0 × Ill H moles/rag protein 

K,e 9 x l0 !'' M 

K,e - 3.3 x l(I " M 

Fig. * Rate constants for dissociation and association of M('C 
binding to membranes Jd/aL 
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Table 2. Comparison of ~c50 values for binding of various agents using [~H]nicotine and [~H]MCC 
as radioligands 
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[3H]Nicotine I c 5 0  [)H]MCC I(~, Prostration l:c~,, 
(M) (M) (nmoles) 

(-)-Nicotine 3 x 10 'J 8 × 10 " 2 
(+)-Nicotine 1 x 10 s 9 × 10 s 4(I 
N'-Methvl nicotonium 7 x 10 ~' 4 x 10 ~ 100 
N-Ethyl nornicotine 3 x 10 s 1 x 10 = 20 
N-Propyl nornicotine 6 x 10 r 1 × 10 e' 80 
DMAE methylcarbamate 5 x 10 r 8 × 10 : 300 
MCC 8 x 10 " 6 x 10 ~ 10 
DMAE carbamate 1 x 10 5 1 x 10 5 >300 
Carbamylcholine 4 x 10 : 1 x 10 ~ 100 
Acetylcholine 6 x 10 ' 5 x l(/ 6 >100 
Hexamethonium >1 x 10 4 >1 × 10 a [A 
o~-Bungarotoxin >1 x 10 4 >1 x 10 a IA 
QNB >1 × 10 4 >1 x 10 4 IA 
Atropine >1 x l0 4 >1 x 10 4 IA 

To determine psychotropic potency expressed as ECs0, at least six rats were used for every 
agent. DMAE = dimethylaminoethyl; QNB = 3-quinuclidinyl benzilate. The Ics0 values were 
determined from plots of various concentrations of agents. The ECs0 values were based on data 
from six rats. IA = inactive. 

various carbamate  esters,  M C C  having an affinity 
approaching that of ( - ) -n i co t ine .  The /Ca value for 
acetylcholine was 5 x 10 5 M, whereas  that of hexa- 
methonium,  c~-bungarotoxin, 3-quinuclidinyÁ benzi- 
late (QNB)  and at ropine was greater  than 
1 x 10 -4 M. 

Psychotropic action of various agents. The various 
agents were  compared  for their  abilities to induce 
prostrat ion following administrat ion into the rat 
fourth ventricle (Table 2). The ( - ) - e n a n t i o m e r  of 
nicotine was 20 times more effective than the (+) -  
enant iomer  and 10, 40 and 50 t imes more potent  than 
the N-ethyl ,  N-propyl ,  and nicotonium analogues 
respectively.  A m o n g  the carbamate  esters, M C C  had 
one-fifth the potency of  ( - ) - n i c o t i n e ,  whereas the 
others were relatively weak or  inactive. The remain- 
der of the agents, including acetylcholine,  were 
inactive. 

DISCUSSION 

The present  study has demonst ra ted  that the 
receptor  binding characteristics of [3H]MCC to rat 
brain are similar to those of [3H]nicotine; however ,  
the Scatchard plot for [3H]MCC was linear whereas 
that for [3H]nicotine is biphasic [2]. A similar Ka was 
derived from associat ion-dissociat ion rate constants 
and from a Hill plot. The lower affinity site for 
[3H]nicotine had a K a of 3 × 10 9M and a Bma x of 
1 × 10 -14 mo le s /mg  membrane  protein which com- 
pares favorably with the values for [3H]MCC. The 
higher affinity site seen for [3H]nicotine, with a Ka 
of 2 × 10 ~°M and a Bm~ × of 0.5 x 10 14moles/mg 
[2], was not seen with [3H]MCC. Al though 
[3H]acetylcholine also appears to [lave binding 
characteristics similar to [3H]nicotine [4], [3H]MCC 
affords the advantages that it is chemically more 
stable and is more readily prepared.  Ano the r  simi- 
larity be tween [3H]MCC and [3H]nicotine binding 
was the pH  curve with an opt imum of 6.5. A major  
difference be tween the two ligands is that 

[3H]acetylcholine [6], but not [3H]MCC, binding is 
displaceable by low concentrat ions of muscarinic 
antagonists. When muscarinic agonists, such as [3H]- 
oxot remor ine-M [6] and [3H]cis-methyldioxolane 
[7] are employed as radioligands, ICs0 values are 
obtainable with muscarinic antagonists in the nano- 
molar  range. Since M C C  is closely related to car- 
bamylcholine,  which is a muscarinic agonist and 
readily binds to the muscarinic cholinergic receptor  
[6], this finding was unexpected.  

Al though the relative binding affinities of a variety 
of nicotine analogues and other  agents were similar 
with the two radioligands, there was one striking 
difference. With ei ther  radioligand, quarternizat ion 
of the pyrrolidine N of nicotine reduced the affinity 
by three orders of magnitude,  whereas quater- 
nization of the carbamate  esters resulted in about a 
50-fold increase in affinity (compare D M A E  methyl- 
carbamate  with MCC).  It is also noteworthy that 
the psychotropic potency following intraventricular  
administrat ion decreased 50-fold with quaternization 
of nicotine, while increasing over  10-fold after qua- 
ternization of D M A E  methylcarbamate .  The dim- 
inished psychotropic potency of N ' -methyl  nico- 
tonium is anomalous in view of the fact that, when 
administered systemically, it was more potent  than 
nicotine in producing seizures and mortali ty in rats 
or mice (unpublished).  As discussed elsewhere [1], 
this difference in the central and peripheral  action 
and receptor  affinity of nicotine and N ' -methyl  nico- 
tonium suggests a difference in the nature of the two 
receptors.  Binding studies with [~tt]nicotine indicate 
that there may be at least two, and possibly more,  
nicotinic sites in rat brain [2, 8 l, whereas with 
[~H]MCC only one site is evident,  which is pre- 
sumably similar to the lower affinity site for nicotine. 
The functional significance of the low and high affin- 
itv sites for nicotine is not known. Since 1-2 ul of a 
16 ~M solution of nicotine administered into the 
fourth ventricles was required to produce 
prostration,  it appears likely that the lower affinity 
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silo is associated with the  psychot ropic  response.  
Since M C C  and o the r  c a r b a m a t e  esters  of alkyl- 
:mmloalcohols  are chemical ly  similar to acetylcho- 
line, it would a p p e a r  tha t  M C C  is in terac t ing  with a 
mcot inic  site in bra in ,  while be ing  virtually inactive 
:~* :i muscar inic  chol inergic  site. 

Insofar  as the b inding  character is t ics  of 
[ ; I t ]n ico t ine  r e semble  those  of [3H]MCC, bo th  
ligands evident ly  b ind  to the same receptor .  The  
ex t remely  low affinity of acetylchol ine  [ four  orders  
~H magn i tude  less than  ( - ) - n i c o t i n e  and MCC] and  
its c~rre la t ive  lack of psychot rop ic  activity, when  
super sa tu ra t ing  concen t r a t i ons  of acetylchol ine  are 
admin i s t e red  in t ravent r icu lar ly ,  leave part ly unex- 
pla ined the funct ional  and  b iochemica l  na tu re  of the 
sites. A similar  dispar i ty  be tween  the  b inding  affinity 
and funct ion  of ace ty lchol ine  has been  obse rved  in 
the Torpedo electric o rgan  which exhibi ts  bo th  a low 
and high affinity site for the  nicot ine  an tagonis t  o;- 
bunga ro tox in  [9"]. P resumably .  occupancy  of the low' 
affinity site by acetylchol ine  act ivates  the ionic chan-  
n~q whereas  occupancy  of the high affinity site leads 
~,~ desens i t iza t ion ,  so tha t  a nicot inic  an tagonis t  may 
plc~ent  chamacl ac t iva t ion  wi thou t  occupying the 
recogni t ion  site [10]. It is possible tha t  e i ther  the 
h igher  al'finity site involves a desens i t ized  chol inergic  
recep tor  or tha t  M C C  and nicot ine  funct ion as agon- 

ists at a high affinity recogni t ion  site whose rela t ion-  
ship to acetylchol ine  r emains  obscure .  
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